trait anxiety modulate the degree to which the amygdala in general and specific subregions of the amygdala in particular are activated by unconsciously processed stimuli. To resolve subregions of the amygdala, we acquired neuroimaging data at a high spatial resolution (1.5 ϫ 1.5 ϫ 4.5 mm voxels; the amygdala is ‫0001ف‬ mm 3 ) capable of distinguishing between activations in two subregions of the human amygdala: (1) the basolateral amygdala and (2) the dorsal amygdala (Merboldt et al., 2001 ). This basolateral subregion is anatomically consistent with the basolateral complex of the amygdala in humans (Mai et al., 1997), which in rodents is the primary input site of the amygdala, receiving sensory information from thalamic nuclei and sensory association cortices (Amaral et al., 1992) , and also provides the majority of the thalamic and cortical projections from the amygdala. By contrast, the central nucleus, an output region that projects to brain stem, hypothalamic and basal forebrain targets (Paxinos, 1990) , is located in the dorsal amygdala of humans (Mai et al., 1997). In rodents, the basolateral amygdala encodes the threat value of a stimulus, while the central nucleus is essential for the basic species-specific defensive responses associated with fear (Davis and Whalen, 2001) .
Since most neuroimaging studies have not employed For unconscious processing, we presented the same effects may explain the discrepancies between previous studies with regard to whether the amygdala is activated fearful expression faces in a backward masking paradigm, which renders masked stimuli unreportable (Esby masked fearful faces (Pessoa, 2005) . To ensure that backward masking was adequate in our study, we exstrating that both groups showed high discriminability cluded those subjects from the analysis for which we for nonmasked fearful compared to neutral faces. By were not confident that masking succeeded.
contrast, for masked stimuli our included subjects did In general, three distinct criteria for determining the not have dЈ scores significantly different from 0 (p ϭ success of masking have been proposed in the litera-0.11), while the excluded subjects did significantly differ ture. The first, the subjective threshold, involves asking from 0 (p ϭ 0.001). Furthermore, there was a significant subjects whether they had perceived any fearful faces difference between the dЈ values of the included and when shown masked fearful (and neutral) stimuli (Merexcluded groups for masked faces (p ϭ 0.01). These ikle, 1992). This is the oldest criterion for demonstrating data therefore demonstrate that masking was successperception without awareness (Pierce and Jastrow, ful only for the included group. In addition, the objective 1884) and is attractive because it directly assesses the measures were consistent with the results of the subjecconscious experience of subjects (Merikle, 1992), has tive threshold initially used to select subjects for fMRI produced many demonstrations of behavioral effects data analysis. of unconscious stimuli (Cheesman and Merikle, 1986;  One potential concern with our inclusion criteria is Merikle, 1992), and was used by the earliest neuroimagthat at the very beginning they may have led to selective ing study of backwardly masked fearful faces (Whalen inclusion of subjects with skewed anxiety scores. It may et al., 1998). Of the 26 subjects scanned, 17 met the be argued that more anxious subjects were better able subjective threshold. to see through the masking and thus were preferentially One criticism raised of the subjective threshold is that excluded from our analysis. We explored this issue in it does not provide an easily quantifiable, potentially several ways. We correlated discriminability index (dЈ) objective numerical index of masking success (Merikle, values with trait anxiety scores for all 26 subjects, but 1992; Snodgrass et al., 2004) . The most commonly used found no significant correlation (r ϭ Ϫ0.3, p ϭ 0.15). method for addressing this problem, the objective idenLikewise, there was no correlation between masked tification threshold, involves showing subjects masked fearful identification accuracy and trait anxiety (r ϭ fearful and masked neutral stimuli and asking them to Ϫ0.16, p ϭ 0.44). We also compared the trait anxiety make an explicit forced-choice decision for each stimuscores of the groups after splitting into included and lus with regard to whether they see a fearful face. The excluded subjects and found anxiety scores to be esvast majority of behavioral studies examining unconsentially identical (included 32.7 Ϯ 1.5, excluded 32 Ϯ scious affect, including those testing for effects of anxi-1.2; p ϭ 0.72). ety measures, have used the objective identification threshold of chance (50% accuracy) identification of Different Amygdalar Subregions Process Information masked fearful faces. In addition, this threshold has during Masked and Nonmasked Presentations, been used by an early study (Morris et al., 1998) which and Relate Differentially to Trait Anxiety reported amygdala activation to masked fear-condiWe examined amygdala activity during masked and tioned angry faces and a more recent report (Phillips et nonmasked presentations of fearful faces in a populaal., 2004) which found that masked fearful faces failed to tion of 17 healthy volunteers who varied in trait anxiety elicit amygdala activation. All of our 17 included subjects (from the 6th to 85th percentile of undergraduate norms; performed at or below chance level, which differed sig- Spielberger et al., 1970) . Trait anxiety in our subjects nificantly from the accuracies of the excluded subjects was very stable across the scanning session (pre versus (p Ͻ 0.001), who performed above chance. Furthermore, post scan, r ϭ 0.94, p Ͻ 0.0001). To be certain that we accuracy of nonmasked fearful face identification was were analyzing data from the appropriate subregions of well above chance for all subjects and did not differ the amygdala and to reduce the risk of false positive between the two groups (p ϭ 0.33).
findings, we took a region-of-interest (ROI) approach to In examining only masked fearful face identification, identify the dorsal and basolateral subregions of the the objective identification threshold method leaves out amygdala separately for each individual based on their an important aspect of each subjects' responding-how high-resolution anatomical scans (see Experimental likely they are to judge a neutral stimulus as fearful, Procedures). We also distinguished these regions from which would be reflected in their false alarm rates. Abthe hippocampus (see Figure 2) . Finally, signal was exsence of a false alarm measure can be a particular probtracted from nonsmoothed functional scans to take full lem under conditions of low signal to noise, but is dealt advantage of the high-resolution data and to prevent with within the framework of signal detection theory blurring of activity across ROIs. We report data only (Green and Swets, 1966) . One useful signal detection for the right amygdala, as the left amygdala gave no theory approach relevant for the assessment of masking significant activation in any comparison. To isolate the (determining the objective discrimination threshold) is effects of emotional content of stimuli from other asthe discriminability index (denoted dЈ). Calculation of dЈ pects of the stimuli and the task, we subtracted neutral is independent of the internal criteria the subject uses or masked neutral activity (N, NN) from fearful or masked for distinguishing signal from noise, and values refer to fearful activity (F, FN), respectively. The conscious perhow strong or discriminable a signal is from no signal. ception of fearful faces is denoted as nonmasked fear We calculated dЈ values for each subject for both the (F-N) and the unconscious perception of fearful faces masked and nonmasked forced-choice results. We as masked fear (FN-NN). found that for nonmasked stimuli, both groups had dЈ As shown in Figure 3A, In response to masked fear, we observed activity in a separate region of the amygdala-the basolateral amygdala. This activity was positively correlated with trait anxiety (r ϭ 0.74; see Figure 3B ). Variance in neural activity did not contribute to this effect, as there was no relationship between trait anxiety and standard errors in masked fear-induced activity in the basolateral amygdala (r ϭ 0.39, p ϭ 0.12). Furthermore, we carried out a partial correlation of masked fear-induced basolateral significance of the correlation. In contrast to the effects in the basolateral amygdala, trait anxiety was not corre- lated with masked fear-induced activity in either the condition, and voxel size-related signal-to-noise issues dorsal amygdala (r ϭ Ϫ0.17; see Figure 3C ) or the hippowould be expected to be the same across the amygdala. campus (r ϭ 0.17; see Figure 3D ). To complement the regression approach above, we also split our subjects Reaction Times and Trait Anxiety into low and high anxiety groups (based on the median If anxiety-related neural activation, seen only during STAI score). This allowed us to verify that there was no masked presentations, relates to the underlying evaluaactivation of the dorsal amygdala in either the low or tion and response biases of individuals with different high trait anxiety group that was not picked up in the levels of trait anxiety, then a relationship would also be regression. Neither group showed significant activation expected between trait anxiety and behavioral perforto masked fear in the dorsal amygdala (one-sample t mance during masked presentations. We therefore retest: low anxiety, p ϭ 0.35; high anxiety, p ϭ 0.21). While corded reaction times (RT) for color identification of all we cannot rule out other unexamined latent variables four stimulus types and calculated difference scores as that may predict dorsal amygdala activation by masked a measure of the allocation of attentional resources for fear, we found no evidence for modulation by individual emotional processing (see Experimental Procedures) differences in trait anxiety. By contrast, the high trait (Mathews, 1990). Consistent with the neuroimaging findanxiety group showed significant activation of the basoings in the amygdala, we observed a significant relationlateral amygdala (p Ͻ 0.05), confirming the results of ship between trait anxiety and individual reaction time the regression analysis. Finally, there was no significant differences during masked fear presentations (r ϭ relationship between trait anxiety and nonmasked fear-Ϫ0.56, p ϭ 0.02), but not during nonmasked fear preseninduced activity in either region of the amygdala or the tations (r ϭ Ϫ0.07, p ϭ 0.79). Importantly, elevated trait hippocampus (basolateral, r ϭ Ϫ0.14, see Figure 3E ; anxiety was associated with enhanced performancedorsal, r ϭ 0.05, see Figure 3F ; hippocampus, r ϭ Ϫ0.02, faster identification of the color of neutral masks when see Figure 3G ). 
01). Finally, when individual differences in trait anxiety
during Masked Fear were not included in the analysis, no ROI showed signifiTo explore brain regions in addition to the basolateral cant activation during masked fear (basolateral amygamygdala that contribute to modulation of behavior by dala, one-sample t test, p ϭ 0.3; dorsal amygdala, p ϭ trait anxiety during masked fear we took a whole-brain 0.89; hippocampus, p ϭ 0.95). We verified that the dissovoxel-wise analytic approach. First, we sought to verify ciations we reported in the amygdala were not due to that this approach would also be able to identify two outlier effects by employing robust regression, a correladissociable regions of the right amygdala. In response tion approach that objectively differentially weights posto nonmasked fear, there was consistent activation only sible outliers (Rousseeuw and Leroy, 2003) . Using this in the dorsal amygdala (see Figures 4A and 4B and method, we found correlation coefficients nearly identi- Table 1 , line 4). In response to masked fear, activity was cal to those using the ordinary least-squares method restricted to a basolateral amygdala cluster, and this above, with masked fear comparison there was no relationship beIn summary, we found that nonmasked fear activated tween trait anxiety and activity in any region of the amygthe dorsal subregion of the amygdala (but not the basodala, even at a very lenient statistical threshold (p ϭ lateral amygdala or hippocampus) in a manner that was 0.05, uncorrected). The two amygdalar clusters were independent of subjects' trait anxiety. By contrast, separated by approximately 16 mm, a distance that was masked fear led to activity in the basolateral subregion greater than the spatial resolution of the functional data. of the amygdala (but not the dorsal amygdala or hippoAdditionally, both of these clusters also passed a small campus) that was predicted by subjects' trait anxiety. volume correction for multiple comparisons for the right Since we scanned at a high spatial resolution and MRI amygdala (p Ͻ 0.05, corrected). signal to noise is proportional to voxel volume (MacovKnowledge of a subject's trait anxiety level was again ski, 1996), it is possible that lack of activation in the found to be critical for the detection of activation in the basolateral amygdala or correlation in the dorsal amygamygdala in response to masked fear, but not for the dala may be due to inadequate signal to noise. This response to nonmasked fear. As indicated in Figure 5A , possibility seems unlikely, however, since we do find robust effects in one amygdalar subregion under each trait anxiety-independent activation could be detected were detected in the amygdala to masked fear unless an unacceptably lenient threshold was used (p ϭ 0.01, uncorrected). We also obtained identical results using empirical Bayesian inference, a statistical approach less susceptible to false positives associated with making multiple comparisons (see Figure 5B ) (Friston and Penny, 2003) . Thus, averaging over the predictive value of individual differences in trait anxiety, a common approach in neuroimaging studies, prevents detection and interpretation of activity in the basolateral amygdala. To explore brain regions outside the basolateral amygdala that contribute to unconscious perception of fearful faces, we examined the clusters positively correlated with trait anxiety during masked fear presentations (see Figure 6 and Table 2 ). These areas included (1) bilateral dorsolateral prefrontal cortex (DLPFC), (2) the right posterior cingulate gyrus, (3) regions in the left fusiform gyrus, and (4) the cortex around the calcarine fissure. As in the case of the basolateral amygdala, these cortical areas showed no differential activation by masked fear unless trait anxiety was incorporated as a variable (data not shown). Furthermore, no cortical clusters covaried with trait anxiety during nonmasked fear presentations using our statistical criteria, but activation in a variety of cortical regions was found during nonmasked fear presentations independent of trait anxiety (see Table 1 
Discussion
We have discovered a double dissociation between two in the right amygdala to nonmasked fear, even at the most stringent statistical threshold examined (p ϭ anatomically distinct subregions of the human amygdala-the dorsal and basolateral regions of the amyg-0.0001, uncorrected), whereas no significant voxels A priori regions of interest were evaluated at p ϭ 0.001 and Ͼ5 contiguous voxel spatial extent, while activations outside of these regions were evaluated at p Ͻ 0.05, whole-brain corrected for spatial extent. Additionally, as an a priori region of interest, the fusiform gyrus was evaluated at p Ͻ 0.005 (uncorrected) and a 10 contiguous voxel spatial extent (yielding the same false positive rate). Z scores indicate the significance of peak voxels. dala. These two regions can be dissociated based on fearful faces engage only the basolateral amygdala, with activity positively correlated with subjects' trait anxiety whether threat-related stimuli are processed consciously or unconsciously, as well as by individual differlevels. Consistent with these effects in the basolateral amygdala, trait anxiety levels also predicted reaction ences in threat sensitivity (trait anxiety). Consciously processed fearful faces consistently engage only the times during unconscious processing, but failed to predict it during conscious processing. Greater anxiety was dorsal amygdala, and in a manner that is independent of trait anxiety. By contrast, unconsciously processed associated with enhanced performance during unconscious processing on this behavioral measure. Furthermore, we found that trait anxiety levels also predicted activity during unconscious processing in frontal, cingulate and ventral visual areas important in attention, consistent with the behavioral findings. Finally, unless individual differences in trait anxiety were accounted for, no differential effects could be detected in the amygdala, behavior, or in the cortex during unconscious processing. is only detected when processing is unconscious by the exist in the orienting mode, which serves to bias subsequent steps in stimulus processing and evaluation, insubjective threshold, but not by objective thresholds (Pessoa, 2005) . This view leads to the prediction that cluding the allocation of attentional resources. Previous studies of unconscious amygdala activation, whether or successful masking by objective thresholds would result in a lack of activation in the specific amygdalar subrenot they found that subjects activated the amygdala, are thus inconsistent with models of anxiety like Beck's gion activated by consciously processed fearful faces. Conversely, it predicts that failure to mask well enough because they do not account for differences in the orienting modes of anxious and nonanxious individuals. would be reflected in significant activation of that subregion.
Individual Differences Are Critical in Emotional Processing
Additionally, because an "anxious" orienting mode biases later attentional processes, anxiety-related activaWe report that consciously processed fearful faces selectively activate the dorsal but not the basolateral tion in cortical attentional areas connected with the amygdala would also be predicted from cognitive modamygdala. This is consistent with most previous fMRI studies of conscious perception of threatening stimuli els of anxiety. Importantly, we discovered that individual differences ( in trait anxiety predict activity in the basolateral subregion of the amygdala during unconscious processing, did not have sufficient spatial resolution to confirm the distinction between the dorsal and basolateral subrewhich is a subregion distinct from that which is activated by consciously processed stimuli. These findings rely gions of the amygdala. When masked fearful faces are presented and amygdala activation is seen (potentially on having acquired our data at a sufficiently high spatial resolution to dissociate between amygdalar subregions due to masking only at the subjective threshold), activation is also consistent with localization to the dorsal and focusing on individual differences in trait anxiety. Likewise, we found correlations between anxiety and amygdala (Rauch et al., 2000; Whalen et al., 1998) . Since even at a very lenient statistical threshold we find no activation in attentional areas as well as behavior. These individual differences were not considered in previous differential activation of any part of the amygdala (including the dorsal region) when trait anxiety is not conneuroimaging studies but were predicted by cognitive theories of anxiety such as Becks's (Beck and Clark, sidered as a variable and have masked successfully at the most stringent objective threshold, we support the 1997; Mathews, 1990; Mogg and Bradley, 1998). Thus, we propose that amygdala activity (but only in the basoview that completely successful masking eliminates activation in this region. lateral subregion) accounts for individual differences in threat sensitivity under masking conditions stringent The capacity for automatic (i.e., attentional resourceindependent) processing of threat information, and by enough to eliminate dorsal amygdalar activation (which responds to conscious threat). This trait anxiety factor is extension automatic amygdala activation, however, is an important component of current theories of anxiety therefore an important latent variable across all previous studies that explains aspects of unconscious proand its disorders (Beck and Clark, 1997; Mathews, 1990; Mogg and Bradley, 1998). Beck's cognitive model of cessing not related to the success of the masking procedure. Were, for example, anxiety related to the discrimianxiety, for example, calls for an initial unconscious step in threat processing, which he terms the "orienting nability of masked stimuli (a consideration we had earlier ruled out), we would expect that anxiety correlations mode" (Beck and Clark, 1997). In this model, differences between anxious and nonanxious individuals already with amygdala activity would also be seen in the dorsal amygdala, but we found no evidence for this. Finally, reflected by increased early sensory processing in visual cortical areas, ranging from very early visual areas along unconscious effects on behavioral response and the the banks of the calcarine fissure to regions in the fusiactivation of a widespread cortical attentional network form gyrus ( not wholly separable; several key cortical regions-the 1992). Thus, anxiety-related activation of the basolateral dorsolateral prefrontal cortex and fusiform gyrus-were amygdala during unconscious processing may account modulated by both conscious and unconscious profor the coactivated ventral visual areas through direct cessing. Thus, inasmuch as differential sensitivity to inprojections, and the coactivated dorsolateral prefrontal dividual differences in trait anxiety reflects the qualitacortices and posterior cingulate cortex likely through tive differences between conscious and unconscious indirect projections via the mediodorsal thalamus or meprocessing, these differences are most likely attributdial prefrontal cortex (Amaral et al., 1992) . Recruitment able to differential recruitment of amygdalar circuitry. of the dorsolateral prefrontal cortices and posterior cinOur results also raise another interesting questiongulate cortex may enhance the allocation of attentional why was there basolateral amygdalar modulation by resources for threat stimulus processing (Funahashi, 2001 ; unconscious processing but no activation during conscious processing, since the first 33 ms of masked and Small et al., 2003) . Enhancement of attention would be nonmasked fearful faces is the same. We speculate here or only the conscious regulation of behavior. Furthermore, very little empirical evidence exists about the neuon two possibilities. It may be that the unconscious stimulus recruits the basolateral amygdala initially and ral mechanisms of the different forms of psychotherapy and the relationship of psychotherapy to the mechathis activity persists due to the uncertain nature of the masked stimulus. During conscious processing, the banisms of the underlying psychopathology (Gabbard, 2000b) . This study provides an experimental probe for solateral amygdala may be only transiently recruited because the emotional content of the stimulus becomes unconscious processes that is sensitive to an individual's information processing biases, which may be useful rapidly clear. Alternatively, there may be active topdown inhibition of the basolateral amygdala during the for understanding how anxiety disorders are maintained and how the anxious outlook of these patients can be conscious but not the unconscious condition (Rosenkranz et al., 2003) . The magnitudes of fMRI signals would modulated by different forms of therapy. Specifically, in the future it may be possible to address whether be the same for both of these possibilities, but the magnitudes and time courses of the neural signals may not psychotherapy modulates conscious or unconscious processes and to dissociate functional changes in be. Resolving these issues requires the use of methods with much better temporal resolution than fMRI, such amygdalar circuits from the modulation of cortical circuits that regulate behavior. as in vivo recordings in monkey basolateral amygdala and prefrontal cortices.
Experimental Procedures
In our study, amygdalar activity was right lateralized, which may be consistent with lateralization theories of apy act primarily by modifying unconscious processes Prior to the functional run, subjects were trained in the color displayed at a threshold of p ϭ 0.001 and Ͼ5 voxel spatial extent, overlaid on the structural scan of an example subject using a color identification task using unrelated neutral face stimuli that were cropped, colorized, and presented in the same manner as the nonscale to indicate the significance of each voxel. Three-dimensional rendering of activations on a surface mesh of one subject's brain masked neutral faces described above in order to avoid any learning effects during the functional run. After the functional run, subjects was done with Brainvisa (www.brainvisa.info). Clusters were displayed in regions described in Table 2 at p ϭ 0.005 and Ͼ10 voxel were shown all of the stimuli again, alerted to the presence of fearful faces, and asked to indicate whether they had seen fearful faces on spatial extent for clarity. Bayesian inference was also conducted on the nonmasked fear and masked fear group level one-sample masked epochs. Additionally, subjects were administered a forcedchoice test under the same presentation conditions as during scant test analyses and was also implemented in SPM2 (Friston and Penny, 2003) . ning and asked to indicate whether they saw a fearful face or not. These data were used to determine masked fearful accuracies and Reaction time data for each stimulus type were determined only for trials where subjects correctly identified the color of the faces. dЈ values.
The average accuracy (ϮSEM) for all stimuli was 98% Ϯ 1%. Reaction time difference scores were calculated by subtracting the averData Acquisition age reaction time for NN or N trials for each subject from their Functional data was acquired on a 1.5 Tesla GE Signa MRI scanner, corresponding FN or F average reaction times, respectively. Prior using a gradient-echo, T2*-weighted echoplanar imaging (EPI) with to any additional analyses, all ROI, behavioral, and trait anxiety data blood oxygen level-dependent (BOLD) contrast pulse sequence.
were confirmed to be normally distributed. In this study, we report Twenty-one axial slices were acquired along the AC-PC plane, with results for correlations with trait anxiety. State anxiety correlations a 128 ϫ 128 matrix and 19 cm field of view (voxel size 1.5 ϫ 1.5 ϫ were not reported because trait anxiety is considered to be a more 4.5 mm). A total of 134 volumes were acquired during the functional stable measure of baseline anxiety (Spielberger et al., 1970) , and to run (TR 3 s, TE 40 ms). Structural data were acquired using a 3D accurately measure state anxiety one would have to administer the T1-weighted spoiled gradient recalled (SPGR) pulse sequence with survey during or between scans, which could not easily be done. isomorphic voxels (1.5 ϫ 1.5 ϫ 1.5 mm) in a 24 cm field of view Prescan state anxiety scores were also highly correlated with pre-(256 ϫ 256 matrix, 124 slices, TR 34 ms, TE 3 ms).
scan trait anxiety scores, such that none of the results of the analyses reported for trait anxiety changed when prescan state anxiety Data Analysis was used instead (data not shown). All images were analyzed using SPM2 ( 
